Two experiments were conducted to evaluate phytase, phytase + xylanase, or phytase + xylanase + protease in diets deficient in Ca, available phosphorus (avP), energy, and amino acids. Lohman Indian River, straight-run broilers (n = 2,304 and 4,752 in experiments 1 and 2, respectively) were fed one of eight diets: (1) nutrient adequate control (PC), (2) negative control (NC) 1 with reduced Ca and avP, (3) NC1 + 1,500 FTU/kg phytase, (4) NC2 with reduced Ca, avP and energy, (5) NC2 + 1,500 FTU/kg phytase + 16,000 BXU/kg xylanase, (6) NC3 with reduced Ca, avP, energy, and amino acids, (7) NC3 + 1,500 FTU/kg phytase + 16,000 BXU/kg xylanase, (8) NC3 + 1,500 FTU/kg phytase + 16,000 BXU/kg xylanase + 15,000 U/kg protease. Reducing Ca, avP, energy, and amino acids significantly reduced body weight gain (BWG) and feed efficiency in a sequential fashion, with birds fed NC3 having a significantly higher FCR compared with birds fed NC1 or the PC. In both experiments, supplementation with phytase, phytase + xylanase, or the combination of phytase + xylanase + protease significantly improved BWG and FCR comparable to the PC. However, there was no difference in BWG or FCR between birds fed phytase + xylanase or phytase + xylanase + protease. Results indicate that supplementation of phytase + xylanase restored the BWG and FCR of the birds fed reduced Ca, avP, energy, and amino acid diets, and supplementation of protease to diets containing phytase and xylanase needs further investigation.
inconsistent effects on growth performance as reviewed by Cowieson and Roos [5] . Supplementation of xylanase into corn-based diets is reported to increase fat and starch digestibility through improved digestion of resistant starch, improved access to cell walls via reduction in cell wall integrity, and/or modification of intestinal microbial communities through the production of prebiotic-like oligosaccharides [2] . Carbohydrases, such as xylanase, are also reported to increase apparent amino acid digestibility over the control diet by approximately 4.5%, which is reduced to 4.0% in the presence of phytase [6] . Phytase is known to hydrolyze phytate P in plants, thereby increasing the avP content of the diet and enabling reductions in added inorganic P, while at the same time reducing the anti-nutrient effects of phytate. This antinutritive effect extends to minerals, specifically Ca, allowing for reductions in Ca concentrations in the diet, and to energy and amino acids as reviewed by Dersjant-Li et al. [7] . However, the effect of phytase on energy and amino acid digestibility is less consistent than the effects of phytase on P. For example, Cowieson and Adeola [3] reported phytase had no effect on ileal digestible energy in broilers fed diets deficient in Ca, P, and energy (180 kcal/kg). In that same trial, performance tended to improve with phytase supplementation or supplementation of xylanase + amylase + protease, with the greatest performance achieved in the deficient diets when phytase was supplemented in combination with xylanase + amylase + protease. Questions remain regarding the benefits of supplementing broiler diets, marginal in Ca, avP, energy, and amino acids with phytase alone, or phytase + carbohydrases, or phytase + carbohydrase + protease to provide additional nutrients over and above that of a combination of phytase and carbohydrase. Therefore, the objective of this set of trials was to determine the effect of supplemental phytase alone and in combination with xylanase and protease on broiler performance when fed diets with reductions in Ca, avP, energy, and amino acids.
MATERIALS AND METHODS
The trial was conducted at Japfa Poultry Research Facilities under the guidelines of the ethical principles for use of animals for scientific purposes.
Experiment 1
Straight-run broilers (n = 2,304) were obtained at hatch and housed in 128 battery cages in a closed house with tunnel ventilation [8] . There were 18 birds per cage and 16 replicate cages per treatment. Birds had ad libitum access to feed and water throughout the 21-d study. Starter diets were fed in crumble form. Birds and feed were weighed at the start (d 0) and end (d 21) of the experiment to determine feed intake (FI) and body weight gain (BWG) and calculate FCR. Culled or dead birds were recorded and weighed and FI was adjusted for bird days.
Experiment 2
Straight-run broilers (n = 4,752) were obtained at hatch and housed in 72 floor pens [9] . There were 66 birds per pen and 9 replicate pens per treatment. Birds had ad libitum access to feed and water provided by bell feeders and drinkers for the 35-d study. Birds were fed crumble starter diets from hatch to 21 d and pelleted grower diets from 22 to 35 d post-hatch. Birds and feed were weighed at the start (d 0), d 21, and end (d 35) of the experiment to determine FI and BWG and calculate FCR. Culled or dead birds were recorded and weighed and FI was adjusted for bird days.
Experimental Design and Statistics
Four starter (experiments 1 and 2) and grower (experiment 2) basal diets (Tables 1 and 2) were mixed: (1) a nutrient adequate PC formulated to meet or exceed Rostagno et al. [10] nutrient requirements for 21 and 35-d-old broilers; (2) negative control (NC) 1, reduced in Ca by 0.20% and avP by 0.18% compared with the PC; (3) NC2, reduced in Ca by 0.20%, avP by 0.18%, and ME by 80 kcal/kg compared with the PC; and (4) NC3, reduced in Ca by 0.20%, avP by 0.18%, ME by 80 kcal/kg, and digestible amino acids by 5% compared with the PC. The remaining four experimental diets were as follows: (5) NC1 plus 1,500 FTU/kg phytase [11]; (6) NC2 plus 1,500 FTU/kg and Phytase recoveries in the diets were analyzed using a modified method of Engelen et al. [14] . Xylanase recovery in the experimental diets were analyzed using in house methods [15] and protease activity was analyzed using casein as a substrate [16] . Experimental diets were also analyzed for Ca [17] and total P [18], and crude protein [19] . Finally, data were arranged as a completely randomized design and analyzed as a 1-way ANOVA using the fit model platform in JMP Pro [20] . The model included diet. Pen served as the experimental unit. Data are presented as least square means per treatment group. Significant differences between the means were separated using multiple t-tests and significance was accepted at P < 0.05.
RESULTS AND DISCUSSION

Experimental Diets
Nutrient analyses in the diets were similar to formulated (Table 1) . However, phytase recoveries in the diets containing phytase (expected 1,500 FTU/kg) were approximately 50% lower 3 Diets were deficient in Ca and avP by 0.20 and 0.18%, respectively, and ME by 80 kcal/kg. 4 Diets were deficient in Ca and avP by 0.20 and 0.18%, respectively, ME by 80 kcal/kg, and digestible amino acids by 5%.
than expected at 965, 698, 543, and 706 FTU/kg in the starter diets and 980, 862, 1,150, and 867 FTU/kg in the grower diets. The phytase activity of the premix analyzed as expected, at 6,590 FTU/g, when overages in the product from the manufacturer are considered. Xylanase recovery in the diets containing xylanase was approximately 17% higher than formulated and this is within the expected ranges from the manufacturer. Protease recovery in the diets was not performed due to lack of a suitable in feed assay. However, protease activity in the enzyme sample was analyzed at 4,42,000 U/g as described previously [16] . The expected activity of the protease was 75,000 protease U/g based on manufacturer assay recommendations [21], which were different from the assay used to determine protease activity in this experiment and may explain the differences reported between this paper and the manufacturer expectations.
Experiment 1
Overall mortality was low (2.43%) and not associated (P = 0.81) with experimental diets (Table 3) . Feed intake and BWG were reduced (P < 0.0001) in birds fed the NC diets compared with birds fed all other diets (Table 3 ). This has been previously reported in corn-soy diets fed to broilers marginally deficient in energy and essential amino acids [2] , and in corn-soy diets containing wheat or rye and deficient in Ca, nonphytate P, and ME [3, 4] . Supplementation of the NC2 or NC3 with phytase + xylanase or phytase + xylanase + protease increased (P < 0.0001) FI and BWG above that of birds fed the NCs and comparable to birds fed the PC (Table 3) . Body weight gain was significantly higher in birds fed NC1 + 1,500 FTU/kg phytase compared with birds fed the PC (Table 3 ). In addition, supplementation of NC1 with 1,500 FTU/kg of phytase improved FCR compared with all other diets, except birds fed NC2 with phytase + xylanase, and this was comparable to the PC (Table 3) . Feed conversion ratio was highest (P < 0.0001) in birds fed NC3 without any enzyme supplementation compared to all other diets, confirming the reduction in Ca, avP, energy, and amino acids significantly impacted FCR (Table 3) . Supplementation of NC3 with phytase + xylanase significantly improved FCR and this was comparable to the PC, NC1, or NC2. Addition of protease to the phytase and xylanase combination had no additional benefit on FCR. Yuan et al. [22] reported significant improvements in FCR of 21-d-old broilers fed nutrient adequate corn-soy diets supplemented with carbohydrases (xylanase, beta-glucanase, and cellulase) with no further improvements in FCR with the addition of various doses of an added protease. Others have reported significantly improved BWG and FCR of 21-d-old broilers fed xylanase, protease, and amylase supplemented corn-soy diets whether they were formulated to be nutrient 3 Diets were deficient in Ca and avP by 0.20 and 0.18%, respectively, and ME by 80 kcal/kg. 4 Diets were deficient in Ca and avP by 0.20% and 0.18%, respectively, ME by 80 kcal/kg, and digestible amino acids by 5%.
adequate or marginally deficient in energy and essential amino acids [2] . However, the enzymes in the previous trial were not evaluated individually or in combination with a phytase, and others have reported 21-d-old broilers fed corn, wheat, soy diets deficient in Ca, non-phytate P and ME gained more and were more efficient when the diets were supplemented with 1,000 FTU/kg of phytase regardless of the inclusion of an enzyme cocktail containing xylanase, amylase, or protease [4] .
Experiment 2
Overall mortality (d 0-35) was 4.22% and not associated (P = 0.17) with diet (Tables 4  and 5 ). From d 0 to 21 (Table 4) and overall (Table 5) , FI was reduced (P < 0.0001) in birds fed the NC diets compared with birds fed all other diets. Body weight gain from d 0 to 21 (Table 4) was lowest in birds fed NC3 compared with birds fed all other diets, except birds fed NC2 and this was comparable to birds fed NC1. Overall (d 0-35), BWG was reduced (P < 0.0001) in birds fed the NC diets compared to birds fed all other diets and enzyme supplementation in the NC diets improved BWG comparable to the PC (Table 5) . As reported in experiment 1, FCR from d 0 to 21 was highest (P < 0.0001) in birds fed NC3 without enzyme supplementation compared with birds fed all other diets, except birds fed NC2 and this was similar to birds fed NC1 (Table 4 ). This suggests that the additional amino acid reduction in the NC diet had a real effect on performance over and above that of Ca, avP, and energy. Birds fed the PC had the best FCR and phytase supplementation in NC1 or phytase + xylanase supplementation in NC2 improved FCR comparable to birds fed the PC. Phytase + xylanase or phytase + xylanase + protease in NC3 improved FCR compared to birds fed NC3 without enzymes, but not comparable to the PC at d 21. However, overall (d 0-35) phytase + xylanase or the combination of phytase + xylanase + protease supplemented in NC3 improved (P < 0.0001) FCR compared with birds fed NC3 without enzymes and comparable to birds fed the PC, NC1 + phytase, or NC2 + phytase + xylanase (Table 5) . Birds fed NC3 without enzymes had the highest FCR and this was not different than birds fed NC2 without enzymes, which was not different than birds fed NC1 without enzymes. As mentioned earlier, previous authors have reported significant reductions in performance when birds were fed diets deficient in Ca, avP, energy, and essential amino acids and xylanase + protease + amylase [2] or phytase alone [4] were able to improve growth performance in these low nutrient density diets.
The BWG or FCR results from two separate trials confirm reducing Ca and avP as well as energy and amino acids was sufficient to reduce BWG and increase FCR in broilers, 3 Diets were deficient in Ca and avP by 0.20 and 0.18%, respectively, and ME by 80 kcal/kg. 4 Diets were deficient in Ca and avP by 0.20 and 0.18%, respectively, ME by 80 kcal/kg, and digestible amino acids by 5%.
especially during the starter phase and this continued to market age. Enzyme supplementation in the NCs significantly improved BWG comparable to the PC and this was regardless of the enzymes, the combination, or the NC basal diet. Previous authors have reported carbohydrase (xylanase, beta-glucanase, and cellulase) supplementation in a nutrient adequate diet, with or without the addition of various doses of an acid protease, had no effect on gain of 21-d-old broilers, but resulted in significant improvements in FCR [22] . Reducing energy by 80 kcal in the low Ca and avP diets resulted in further reductions in FCR and supplementation of this diet with phytase + xylanase was able to improve FCR comparable to the PC in both experiments. Previous authors have reported significant improvements in broiler growth performance and/or feed efficiency with phytase [4] , xylanase [22] , or phytase + xylanase [23] with limited or no improvements in performance reported with the addition of other enzymes. Phytase and xylanase are reported to have sub-additive or additive benefits of in corn soy-based diets [6, 24] as the enzymes may act independently on different substrates. However, their effect on nutrients such as amino acids overlaps and are largely dependent on the digestible fraction or the nutritional value of the control diet to which the enzymes are added [6] . This may also contribute to the lack of an effect with the addition of proteases in the current trial, as the effect of protease is also reported to be dependent on the amino acid digestibility of the control diet [25] , which is influenced by phytase dose [6, 26] and with the use of a carbohydrase [6] . Research and interest in protease supplementation in poultry diets has increased substantially in the past 5 years, with benefits in performance and/or amino acid digestibility being reported [5] . However, when considering the benefits of any enzyme supplementation, the response is largely dependent on the digestibility of the control diet. Given the majority of commercial poultry diets contain either a phytase or a carbohydrase and most often a combination of the two; it would be justified to further evaluate the supplementation of proteases in the presence of enzymes commonly used in the field and in a true factorial approach [27] . Recently, Santos et al. [28] tested standard or high doses of phytase, plus or minus xylanase, plus or minus protease in a true factorial design and reported significant improvements in FCR of 21-d-old broilers fed protease, but this effect was lost by day 42 and there was no significant benefit of the enzyme combinations on performance or carcass parameters. Similarly, it is clear from the current study that when the protease was used in a diet containing high doses of phytase and a xylanase, its benefit was not noticed. A recent metaanalysis on protease efficacy in broiler diets indicated only 19% of the protease trials published were conducted in the presence of a phytase and/or carbohydrase [29] . Further work into the benefits of protease in diets containing phytase, particularly at high doses, and a carbohydrase is warranted.
